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AEROACOUSTIC PROPERTIES OF A RADIAL FAN 
SUMMARY 
A radial fan is numerically studied for flow and aerodynamic noise properties with  
k-ε and LES turbulence models. Flow simulations are done for five different gauge 
pressure values. Minimum gauge pressure value is 5 Pa. The other pressure values 
are 10 Pa, 15 Pa, 20 Pa and 25 Pa. Mass flow rates are calculated for those pressure 
values and characteristic curve of the radial fan is formed. According to the 
characteristic curve the optimum point is for 20 Pa. Mass flow rate value for that 
pressure is 70 lt/s. The flow results become to be non uniform after that gauge 
pressure value. After that the simulations for the optimum pressure value were done 
for different rotational speeds. Those rotational speeds are: 1800 rpm and 2400 rpm. 
The effect of rotational speed on the performance of a radial fan were investigated. 
Transport equations are solved with commercial code and free field propagation is 
calculated with the Ffowcs Williams and Hawkings (FWH) model. Calculations are 
performed for one receiver on the outlet surface. The results indicated that maximum 
sound pressure levels occurred at 225 Hz, which is the fundamental Blade passing 
frequency (BPF) of the fan. However, FW-H method that the commercial code uses 
failed to predict tonal noise at higher harmonics of the BPF while the dipole sources 
method succeeded. 
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SANTRĐFÜJ BĐR FANIN AEROAKUSTĐK ÖZELLĐKLERĐ 
ÖZET 
Santrifüj bir fan sayısal olarak k-ε ve LES çalkantı modellerini kullanarak akış ve 
aerodinamik gürültü özellikleri açısından incelenmiştir. Akış simülasyonları beş 
farklı çıkış basıncı değeri için yapılmıştır. En küçük basınç değeri 5 Pa’dır. Diğer 
basınç değerleri ise 10 Pa, 15 Pa, 20 Pa ve 25 Pa’dır. Bu basınç değerlerine karşılık 
gelen debi değerleri hesaplanmış ve fan karakteristik eğrisi çıkarılmıştır. 
Karakteristik eğriye göre ideal basınç değeri 20 Pa’dır. Bu değere karşılık gelen debi 
ise 70 lt/s’dir. Akış sonuçları bu değerden sonra düzensizleşmeye başlamaktadır. 
Daha sonra, simülasyonlar 20 Pa ideal basınç değerinde farklı dönme hızlarında 
yapılmıştır. Bu dönme hızları, 1800 rpm ve 2400 rpm’dir. Böylelikle, dönme hızının 
fan performansına etkisi araştırılmıştır. Taşınım denklemleri ticari kodda bulunan 
FW-H modeli ile çözülmüş ve serbest alandaki akış kaynaklı gürültü yayılımı 
hesaplanmıştır. Hesaplamalar çıkış yüzeyinde bulunan bir alıcı için yapılmıştır. 
Gürültü yayılımı için kullanılan iki yöntemden elde edilen sonuçlar 
karşılaştırıldığında en yüksek gürültü değerlerinin kanat geçiş frekansı (BPF) olan 
225 Hz‘de olduğu görülmüştür. Ayrıca ticari yazılım tarafından kullanılan FW-H 
yaklaşımının BPF’nin harmoniklerinde gürültü değeri yakalayamazken yüzey basıncı 
yöntemiyle bu frekanslarda da gürültülerin yerel olarak en yüksek değerleri aldıkları 
görülebilmiştir.   
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1.  INTRODUCTION 
The systems that transmit the energy of a rotating blade to the fluid are called 
turbomachines. The most popular classification of turbomachines is the selection 
according to the flow path or through-flow. There are three types of turbomachines 
depending on the flow path. First one is the axial flow turbomachines (see Figure  
1.1a) in which, the working fluid basically moves parallel to the axis of the rotation 
of the shaft. They are generally used in jet aircrafts, wind turbines and ventilation 
systems. Second type is the radial flow turbomachines (see Figure  1.1b) in which, 
the working fluid moves basically in a direction perpendicular to the axis of rotation 
of the blades. Radial turbomachines are mainly used in pumping, compression or 
ventilation systems. Last type is the mixed-flow turbomachines (see Figure  1.1c) 
where the impeller geometry is in the middle of the design concepts of radial and the 
axial turbomachines.  
Radial turbomachines are a type turbomachines that are used for many different 
applications. The basic advantage of radial turbomachines is their ability to provide 
high pressure differences in small dimensions. Their disadvantage is that, for a given 
pressure difference, they can not provide as high volume flow rates as an axial 
turbomachine can. Radial turbomachines include the radial fans which are encased 
flow turbomachines that transfer the flow in a radial direction and are widely used 
because they achieve high pressure ratios in a short axial distance compared to axial 
fans.  
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Figure  1.1: Classification of turbomachines up to the flow-path. a) Axial-flow          
turbomachine, b) Radial-flow turbomachine, c) Mixed-flow 
turbomachine [1] 
As seen in Figure 1.2, radial fans include a rotor and a stator part. Tongue illustrates 
the connection between the rotor and stator. 
 
Figure 1.2: Schematization of a radial fan [2] 
The main part of a radial fan determining the flow behavior is rotor whose 
performance is based on the design parameters of blades, such as their location and 
Tongue 
Casing Rotor 
Blades 
a) 
b) c) 
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curvature which have an important influence on the fan performance. The fan types 
are named according to the blade shapes are as seen in Figure 1.3. 
 
 
Figure 1.3: Types of Radial Fans according to blade type, a) Forward Curved, 
b) Backward Curved, c) Radial [20] 
Backward curved blades are the types of designs that produce highly rotor geometry. 
Flat plate blades are efficient but they cost more than the other designs. Forward 
curved blades curved in the direction of the fan’s rotation. They are especially 
sensitive to particulates and are for high flow and low-pressure applications. Aerofoil 
blade fans They provide a good operating efficiency with relatively economical 
construction techniques. Radial blade fans is the least sensitive to solids built-up on 
the blades but they are often characterized by noisy output. In a centrifugal (or radial) 
fan the rotation of the impeller causes the air to travel through it in a radial direction. 
Rotor is the part of the fan that contains the rotating blades and transmit the rotation 
between the impeller and the diffuser. Impeller is the part that sucks the air from the 
inlet and force the fluid to its outlet by a pressure gradient with centrifugal forces as 
seen in. Blades are welded to the centre/backplate, and these may be radial, forward 
curved, backward inclined or backward curved. Each type has its own characteristics, 
in terms of strength, efficiency, resistance to dust build-up, etc. 
 
 
Figure 1.4: Flow through blades in a radial fan [20] 
              a) b) c)
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Stator is the casing or the coverage of the rotor which collects the air or gas exiting 
the outer circumference of the impeller. The diffuser expands the flow to reduce the 
velocity and convert kinetic energy into useful static pressure and then guides it out 
through the discharge flange of the casing (see Figure 1.5). 
 
Figure 1.5: Flow through a radial fan casing [20] 
Although, the noise levels were not a problem for fan designers in the part the low 
noise turbomachinery now becomes a quality asset in many applications as far 
example, in-house electronics, and ventilation and HVAC systems. The increasing 
awareness on the effects of noise on physiological health and governmental 
regulations concerning the noise emission, enforce designers to focus on the noise 
reduction more than ever. Thus, noise reduction is the most important design criteria 
and a challenging task in mechanical engineering.  One of the major problems facing 
engineers is to design fans with higher performance and less noise emission. The 
radial fan noise is frequently dominated by tones at the blade passing frequency as a 
consequence of the strong interaction between the flow discharged from the impeller 
and the volute tongue.  
Many scientists have numerically studied about the unsteady flow and aerodynamic 
noise of radial fans. Practically, aerodynamic noise within a fan includes 
contributions from geometry and flow field. The vibration may be caused by the 
rotating blades or machine parts and has the potential to transmit energy as a source 
of noise. This is also called rotation noise of radial fans and is a research area for the 
scientist studying about vibration. Matching the number of rotor blades is important 
to avoid vibration induced noise [4].  
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Another source of fan noise is the turbulent flow interactions and the resulting 
unsteady forces on the blades. Such noise is radiated in broad band. The broadband 
noise of a radial fan was induced by the flow separation in the flow passage of the 
radial impeller [12]. Also this method is studied experimentally [10]. As the size of 
the impeller becomes smaller, its rotating speed needs to be increased to meet 
required performance specification, and therefore, the aerodynamic force applied on 
the impeller blades becomes severer. This unsteady aerodynamic force may generate 
excessive noise to the environments. Neise [1,2] summarized the efforts in reducing 
the blade passage tone by changing the geometry of the impeller and the cut-off. 
Thirdly, rubbing effect is a noise source for radial fans. When the flow pass through 
the blades, the boundary layer is disrupted by this friction, the energy is hence 
scattered into sound waves. Also, turbulent boundary layer pressure perturbations at 
high Reynolds numbers perform noise. These perturbations radiate broadband noise 
whose intensity depends on the amplitude of the pressure oscillations and the ratio of 
their correlated wavelength to the dimensions of the radiating surface of the blade. 
Impact effect is also a fact that make the radial fan noisy. A non uniform inlet flow is 
seen as unsteady flow by rotating blades. The unsteady flow may hit a neighboring 
blade to form into a jet like force, and unsteady pressure ensues on the blade 
surfaces. This is perhaps one of the most significant dipole sources of fan noise [14-
15]. Resonance is another fact of radial fan noise. All machines have their natural 
frequency in structure. When an external vibration is applied on the structure with 
the natural frequency, large scale vibration and noise will occur as a narrow band 
noise [16]. A centrifugal impeller usually gives a flat frequency spectrum, the 
addition of a case leads to enhancement of the noise at well defined frequencies, 
related to the casing geometry. Flow rate variations do not significantly affect the 
overall shape of the cased spectra, although the magnitude, in particular frequency 
bands, can vary. Cau [9] showed that a flow separation on the suction side and 
matching between impeller outlet and volute tongue induced the inefficiency of the 
radial fans. 
Volute tongue geometry has an important effect on the total noise of a radial fan. The 
modifications of volute tongue have affected to the total pressure and efficiency of 
the radial fan. However, the geometry correlation in volute tongue part effects the 
overall Sound Pressure Level (SPL) of the radial fan.  
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Figure 1.6: Summary of aerodynamic fan noise generation mechanism  
Methods to analyze the sound field and simulation of fan installation are, therefore, 
important for the design to reduce the noise output from fluid machines. Many 
experimental and numerical studies have been reported on the performance of 
centrifugal fans.  
The capability of the existing computers allows the numerical simulation of complex 
flow features that commonly take place in centrifugal fans. Presently, some 
commercial codes exist that have shown their validity and reliability for the 
description and prediction of the unsteady flow into turbomachinery. Also, the 
development of powerful computers and more efficient codes has brought the 
application of the acoustic analogy to predict the noise of turbomachinery. For the 
past years, an increasing number of works has applied the acoustic analogy to such 
fans.  
Fan Noise 
Monopole Quadrupole Dipole 
Steady 
Rotating 
Forces 
Unsteady 
Rotating 
Forces 
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The first theoretical study of noise from rotating machinery was that of Gutin [7] in 
1936. His basic equation assumed a steady state where the blade loading distribution 
was independent of time.  In 1952, Lighthill [18-19] introduced his acoustic analogy 
to deal with the problem of jet noise. In Lighthill’s analogy, certain terms associated 
with the propagation of sound are treated as source terms. It was Lighthill who first 
applied dimensional analysis to the acoustic power radiated by the different sources 
of sound pressure and derived the proportionality relationships with respect to 
velocity. Lighthill’s ideas are extended by Curle [3], Powell and Ffowcs Williams 
[17] and Hall [17] to include the effects of solid boundaries. Curle introduced noise 
sources due to stationary solid boundaries into Lighthill’s equation and studied on 
the conservation equation of momentum with the surface sources. These surface 
sources are applied to the solid surface by the fluid. 
Much of the advance in acoustic analysis has arisen in response to the ability of 
computational resources. Aerodynamics and other areas of fluid mechanics have 
benefited deeply from the development of Computational Fluid Dynamics (CFD). 
Advances in both numerical techniques and the computing machines themselves 
have made possible the numerical analysis of flows. Much of the current effort in 
Computational Aeroacoustics (CAA) involves the development of schemes for 
approximating derivatives in a way that preserves the physics of wave propagation. 
CAA methodology can be separated into two main parts: the determination of the 
unsteady flow field and the calculation of the acoustic signal.  
The complexity of unsteady rotor-stator flows make them highly computer intensive, 
as they require a transient simulation with sufficiently small time steps to resolve the 
unsteady features of the flow. Furthermore, the full 360-degree machine must 
generally be modelled, leading to multiple blades per row in the simulation. These 
demands increase the CPU and memory requirements by at least an order of 
magnitude compared to steady-state simulations. If such computations are to be 
tractable for users, the use of advanced computer and programming technologies is 
essential. 
As mentioned before, turbulence is the primary cause of sound in aeroacoustics, so, 
regions of the flow field where turbulence is strong produce louder sources of sound.  
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Sound transmission from a point source to a receiver can be computed by a simple 
analytical formulation. The Lighthill acoustic analogy provides the mathematical 
foundation for such an integral approach. The Ffowcs-Williams and Hawkings (FW-
H) method extend the analogy to cases where solid, or rotating surfaces are sound 
sources, and is the most complete formulation of the acoustic analogy to date. This 
aeroacoustic analogy allows for prediction of the sound produced by solid surfaces 
immersed in the unsteady flow field. 
FW-H equation is used when the flow interacts with a rotating surface. The Ffowcs 
Williams and Hawkings (FW-H) equation is an exact rearrangement of the continuity 
and the momentum equations. This equation has two surface source terms, known as 
thickness and loading sources, and a volume source term, known as the quadrupole 
source derived from the original Lighthill theory. FW-H equation is given by, 
*+,
*(- . /- *+
,
*0- 1
*
*( 2+$234 *3*04 56 **0 27 $234 *3*04 5 5 *
-
*0*0 22344 (1.1)  
 
 
In the FW-H equation, 
1 denotes monopole source or thickness source that is a surface distribution due to 
the volume displacement of fluid during the motion of surfaces, 
2 denotes the dipole source or loading source that is a surface distribution due to the 
interaction of the flow with the moving bodies, 
3 denotes the quadrupole source which means a volume distribution due to the flow 
outside the surfaces. 
Monopole Source is the noise source which is related to the blade moving volume. 
Dipole Source is thought to be the predominant sound generating mechanism in low 
speed turbomachinery. This noise source is represented because of the forces exerted 
on the surface of the blades. 
Quadrupole Source is the least efficient energy conversion mechanism in which 
sound is generated aerodynamically with no motion of solid boundaries and this 
noise source is associated with the flow turbulence. 
1 2 3 
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As described before, the fan noise mainly consists of vibration-induced noise and 
flow-induced noise. In this thesis, only the flow-induced noise is under 
consideration. In order to predict the source of the flow-induced noise and its 
characteristics, detailed information about the flow field has to be known. The sound 
pressure level of the centrifugal fan can be predicted by using the calculated unsteady 
force data in the fan flow region. The aeroacoustic pressure is calculated by Ffowcs-
Williams and Hawkings (FW-H) equation.   
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2.  COMPUTATIONAL FLUID DYNAMICS THEORY AND APPLICATION 
Computational Fluid Dynamics is the science to replace the partial differential 
equations that describe the flow of the fluid with numbers and simple algebraic 
expressions and to solve them through iteration in time to obtain a final numerical 
description of the total flow field under consideration as explained schematically in 
Figure 2.1.  
 
Figure 2.1: Overall procedure used to develop a CFD solution  
CFD works by dividing the region of interest into a large number of cells or control 
volumes called mesh. In each of these cells, the partial differential equations 
describing the flow are rewritten as algebraic equations that relate the pressure, 
velocity, temperature and other variables. These equations are then solved 
numerically yielding a complete picture of the flow down to the resolution of the 
grid. Direct, Reynolds-Averaged and Large Eddy Simulations are the most advanced 
and accurate techniques used for modeling the turbulent flows as seen schematically 
in Figure 2.2.  
 
Governing 
Partial 
Differential 
Equation 
System of 
Algebraic 
Equation 
Exact Solution 
Approximate  
Solution 
Discretization 
Consistency  
Stability  
Convergence as 
∆x, ∆t   0 
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Figure 2.2:  Modelling steps for the turbulence models [20] 
Turbulence is the natural state of many flows. It differs from laminar flow in the way 
that its attributes, such as velocity or pressure, fluctuate in both time and space. 
There is no precise and unique definiton of turbulence, but one can see turbulent flow 
as a tangle of vortices. The turbulent motions are often generated in the flow as a 
result of the three-dimensional flow instabilities. These instabilities are concentrated 
near the solid boundaries and behind bluff bodies. This is the reason why the 
turbulent flow starts first in the boundary layer then spreads to the external flow.  By 
the combination of the variables size of the body, l, velocity of the fluid, U, and 
kinematic viscosity, 8, Reynolds number, Re, can be defined as, 
Ul
Re
υ
=  (2.1)  
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At very low Reynolds numbers, the flow is laminar everywhere and the flow 
instability is too small to generate turbulent flow. When the Reynolds number is 
increased further, an adverse pressure gradient arises at the surfaces (see Figure 2.3).  
 
Figure 2.3: Flow around a cylinder for different Reynolds numbers [21] 
In the case of high Reynolds number flow, there exists a broad spectrum of length 
scales. The largest vortices in the flow are characterized by the size of the body that 
created them. This is called the integral length scale, l. The large scale eddies take 
their energy from the mean flow. They are unstable and break up into smaller scale 
eddies. This called the energy cascade and is showed schematically in Figure 2.4.  
 
Figure 2.4: Energy cascade of a turbulent flow [21] 
As the prediction and control of turbulent flows become increasingly important, the 
need for accurate models of turbulent flows is presently the pacing item for the 
development of design and analysis tools for the applications mentioned above. 
Large-eddy and direct simulations are two of the tools that can be used by the 
research and engineering communities to make inroads into this important problem. 
Direct numerical simulations (DNS) of turbulence are the most straightforward 
approach to the solution of turbulent flows. In DNS, turbulent flow can be solved 
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numerically in the way that the governing equations are solved directly. The most 
accurate CFD model is DNS because it solves the Navier-Stokes equations without 
any turbulence model or approximation and aims to resolve the whole range of time 
and length scales from integral scales to Kolmogorov scales. If the mesh is fine 
enough to resolve the smallest scales of motion, one can obtain an accurate three-
dimensional, time-dependent solution of the governing equations completely free of 
modeling assumptions, and in which the only errors are those introduced by the 
numerical approximations. No assumptions or simplifications are needed for DNS, 
since the number of equations is equal to the number of unknowns. DNS makes it 
possible to compute and visualize any quantity of interest, including some that are 
difficult or impossible to measure experimentally, and to study the spatial 
relationships between flow variables, to obtain insight on the detailed kinematics and 
dynamics of turbulent eddies.  
DNS have been a very useful tool for the study of transitional and turbulent flow 
physics, but they have some limitations. First, the use of highly accurate, high-order 
schemes is desirable to limit dispersion and dissipation errors. Secondly, to resolve 
all the scales of motion, one requires a number of grid points proportional to the 9/4 
power of the Reynolds number and the cost of the computational scales like Re3. For 
this reason, this turbulence model is extremely expensive for complex problems on 
modern computing machines in order to represent the smallest scale of fluid motion.  
RANS is the oldest approach to turbulence modeling. RANS theory is based on 
averaging the flow variables over a large time range in order to achieve a steady state 
solution. The variables are decomposed into a time averaged and a fluctuating 
component; 
'
i l iu U u= +  (2.2)  
Such that,  
' 0iu ≡  (2.3)  
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Substituting this decomposed terms into the governing equations and performing 
averaging the RANS equations are obtained as; 
0l
i
U
x
∂
=
∂
 (2.4)  
9 :;<:= 5 9;>
:;<:? 1 .
:@A
: 5
:
:? BC
:;<:? . D<′D>′AAAAAE (2.5)  
where D<D>AAAAAA needs to be modeled. 
k-ε is the simplest model of turbulence that contains two equations in which the 
solution of two seperate transport equations are solved. There are three types of  k-ε 
model, Standard, RNG and the Realizible. Those are similar with transport equations 
for k and ε but the method of calculating the turbulent viscosity and the turbulent 
Prandtl numbers governing the turbulent diffusion of k and ε are different. Also, the 
generation and destruction terms in the ε equation is different in types of  k-ε models. 
In this thesis, standard k-ε model is used. Standard k-ε model was proposed by 
Launder and Spalding [13]. It is the simplest form of the k-ε model. The turbulence 
kinetic energy k and its rate of dissipation ε are obtained from the following transport 
equations, 
:
:= 29F4 5
:
: 29FD4 1
:
:? BGC 5
CHIJK
:F
:?E 5 LJ 5 LM . 9N . OP 5 QJ (2.6)  
 
:
:= 29R4 5
:
: 29RD4 1
:
:? BGC 5
CHISK
:R
:?E 5 TUS
R
F 2LJ 5 TVSLM4 . TWS9
RW
F 5 QS (2.7)  
 
Here, LJ represents the generation of turbulence kinetic energy due to the mean 
velocity gradients. LM is the generation of turbulence kinetic energy due to buoyancy. 
OP is the contribution of the fluctuating dilatation in compressible turbulence to the 
overall dissipation rate.  TUS, TWS and TVS are constants. IJ and IS are the turbulent 
Prandtl numbers. QJ and QS are user-defined source terms. 
The turbulent viscosity CH is calculated by, 
CH 1 69TX F
W
Y  (2.8)  
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 TXis a constant.  
Table 2.1 : Constants for k-ε model equations 
TUS TWS TX IJ IS 
1.44 1.92 0.09 1.0 1.3 
LES approach has been used as an intermediate method between the extremes of 
DNS and RANS. The premise underlying LES is that any turbulent flow consists of 
eddies, and involves a wide spectrum of scales. The theory behind LES can be 
summarized as follows: Momentum, mass, energy and other passive scalars are 
transferred mostly by large eddies. Large eddies are more dependent on the 
geometries and boundary conditions of the flow involved. In the LES approach, the 
governing equations are obtained by spatially filtering the Navier-Stokes equations. 
The large turbulent scales are computed explicitly, while the small scales are 
modeled subgrid scale (SGS) models. The SGS models describe interactions between 
the resolved and unresolved scales. LES is based on the observation that the small 
turbulent structures are more universal in character than the large eddies. Therefore, 
the idea is to compute the contributions of the large, energy carrying structures to 
momentum and energy transfer and to model the effects of the small structures which 
are not resolved by the numerical scheme. The LES approach is more general than 
the RANS approach, and avoids the RANS dependence on boundary conditions for 
the large scale eddies. LES approach gives a three-dimensional, time dependent 
solution and since can be used at much higher Reynolds numbers than other methods 
because the computational effort is independent of Reynolds number if the small 
scales obey the inertial range spectrum and the near wall effects are not important.  
In this step, the actual velocity, ui(x,t), is decomposed into a filtered part and a sub-
grid component of velocity. 
'( , ) ( , ) ( , )li iu x t U x t U x t= +  (2.9)  
 
;Z2[ =466, represents the motion of the large eddies and ;2[ =4 is the residual 
velocity field.  
Filtered component Sub-grid scale component 
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Similarly,  scalar φ  is decomposed as, 
φ φ φ′= +  (2.10)  
where, φ  is called the resolves part and φ ′  is called the subgrid-scale part of the 
scalar φ . Then, the filtering process over a certain domain D  can be represented as, 
( ) ( ) ( , )
D
x x G x x dxφ φ ′ ′ ′= ∫  (2.11)  
This mathematical approach is the convolution of the scalar φ  with a filtering kernel 
G  which is called the convolution kernel and defines the filtering process. Even 
though filtering operator looks like the Reynolds operators, mostly they are not. 
There are two very important distinctions. The first one is that the second filtering of 
the scalar is not equal to the first filtering.   
( ) ( ) ( , ) ( ) ( ) ( , )
D D
x x G x x dx x x G x x dxφ φ φ φ′ ′ ′ ′= ≠ =∫ ∫  (2.12)  
or, 
( ) ( )x xφ φ≠  (2.13)  
This suggests that, filtering of the fluctuation variable does not give zero. To show 
this let 
( ) ( ) ( )x x xφ φ φ′ = −  (2.14)  
If equation (2.14) is filtered once more 
( ) ( ) ( ) 0x x xφ φ φ′ = − ≠  (2.15)  
Filter and subgrid scale model compatibility is a very important issue in LES. In 
general, filtering is done by the finite volume discretization implicitly, thus the 
kernel ( , )G x x′  is, 
1
,   
( , )
0,      otherwise
x
G x x V
x
ν ′∈′ = 
 ′
 (2.16)  
where V  is the volume of a cell. If the kernel in equation is implemented to the 
equation, the filtering equation is obtained as, 
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1
( ) ( ) ,     x x dx x
V ν
φ φ ν′ ′ ′= ∈∫  (2.17)  
The basic equations describing the flow are the conservation of mass and the 
conservation of momentum equations. In the general form, conservation of mass in 
direction xi at time t is given by, 
( ) 0i
i
u
t x
ρ
ρ
∂ ∂
+ =
∂ ∂
 (2.18)  
9 is the density and D is the velocity in direction i. The conservation of momentum 
is described by, 
( ) ( ) iji i j
i i j
p
u u u
t x x x
τ
ρ ρ
∂∂ ∂ ∂
+ = − +
∂ ∂ ∂ ∂
 (2.19)  
Here,6\ denotes the pressure and ]? is the stress tensor. If the equation (2.17) is 
applied to the time dependent incompressible Navier-Stokes equations, the resulting 
continuity and momentum transport equations become, 
0i
i
u
x
∂
=
∂
 (2.20)  
2( ) 1
Re
i ji i
j i j j
u uu up
t x x x x
∂∂ ∂∂
+ = − +
∂ ∂ ∂ ∂ ∂
 (2.21)  
It is obvious that the ( )i ju u  term on the left side brings non-linearity to the equation, 
which precludes it to be used directly. Thus, a decomposition has to be made in terms 
of acceptable variables like u  and u′ . 
In Leonard decomposition, u  is represented by its resolved and subscale parts which 
are u  and u′ , respectively. If these parts are put into the non-linear term instead of 
u  , 
( )( )i j i i j ju u u u u u′ ′= + +  (2.22)  
i j i j i j i j i ju u u u u u u u u u′ ′ ′ ′= + + +  (2.23)  
 If a i ju u  is subtracted from both sides of the equation (2.21), 
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i j i j i j i j i j i j i j i ju u u u u u u u u u u u u u τ′ ′ ′ ′− = − + + + ≡  (2.24)  
Then, after inserting the equation (2.24) into the equation (2.21), filtered 
incompressible momentum equation turns into,  
2( ) 1
Re
i j i ji i
j i j j j
u uu up
t x x x x x
τ∂ ∂∂ ∂∂
+ = − − +
∂ ∂ ∂ ∂ ∂ ∂
 (2.25)  
In this formulation, i  index stands for the three directions in the Cartesian coordinate 
system. Moreover, p  represents the filtered pressure and i jτ  term is called the 
subgrid scale stress (SGS) tensor which arises from filtering the convective part of 
the Navier-Stokes equation. 
Furthermore, i jτ  subgrid stress tensor can be decomposed into three tensors, 
i j i j i j i jL C Rτ = + +  (2.26)  
where, 
i j i j i jL u u u u= −  (2.27)  
i j i j i jC u u u u′ ′= +  (2.28)  
i j i jR u u′ ′=  (2.29)  
Here, i jL  is the Leonard stress tensor and models the interaction between large 
scales and the mean flow. Moreover, i jC  is called the cross-stress tensor and 
corresponds to relations between large and small scales. Furthermore, i jR  is called 
the Reynolds stress tensor and is responsible for motion of small scales in the 
resolved region. 
As mentioned before, the SGS models describe interactions between the resolved and 
unresolved scales. The main task of a subgrid-scale model is to simulate energy 
transfer between the large and the subgrid scales. The energy is transported from the 
large scales to the small ones. Therefore, a subgrid-scale model has to provide means 
of adequate energy dissipation. Various subgrid-scale models were proposed in the 
past and  the research still continues.  
Smagorinsky [14] and Lilly [14] developed the most basic subgrid scale model. In 
this model, the turbulent viscosity is modeled by, 
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CH 1 ^_W`Q` (2.30)  
^_is the mixing length for subgrid scales, and  
`Q` 1 abQ?6Q? (2.31)  
^_ is computed as, 
1/3min( , )s SL d C Vµ κ=  (2.32)  
c and T_ are constants, d is the distance to the closest wall and V is the volume of the 
cell. Yakhot [8] have obtained an RNG subgrid scale stress model by performing 
recursive elimination of infinitesimal bands of small scales. In the RNG SGS model, 
subgrid fluxes in the momentum equation are represented by, 
1
2
3ij kk ij SGS ij
Sσ σ δ µ− =  (2.33)  
This model is different from the Smagorinsky model in the way subgrid viscosity is 
calculated. In the RNG subgrid model, the effective viscosity, Ceff 1 C 5 CH and is 
given by, 
1/3
2
3
1 SGS effeff H C
µ µ
µ µ
µ
  
= + −      
 (2.34)  
Where and H(x) is the Heaviside ramp function, 
2 1/2( ) (2 )SGS RNG ij ijC S Sµ ρ= ∆  (2.35)  
The coefficients, Tg=0.157 and C=100 are obtained from the theory.  
In highly turbulent regions, the filtering operation results in very high subgrid 
viscosity compared to the molecular viscosity, Cghg i C and Ceff j Cghg. In this 
limit, the RNG theory based subgrid scale model reduces to the Smagorinsky model 
with a different model constant. In weakly turbulent regions, the argument of the 
Heaviside function is negative and the effective viscosity is equal to the molecular 
viscosity.  
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With a constant value of Smagorinsky constant sC , backward energy transfer from 
subgrid scales to larger ones is ignored which causes energy loss from large scales. 
By sampling the smallest resolved scales, dynamic model is capable of modelling the 
subgrid eddies. Moreover, it can capture the energy flow from small scales to large 
scales (backscattering). The principle behind the dynamic subgrid-scale turbulence 
model is to estimate the eddy viscosity tµ  by double filtering, test and grid filters. 
Despite of not having any damping or intermittency, this model presents the proper 
asymptotic behaviour near wall boundaries or in laminar flow field. 
If one applies a spatial filter or grid filter to momentum equations, the resulting 
equation for subgrid stress tensor is, 
23 2i j i j k k s ijC S Sτ δ τ− = ∆  (2.36)  
where, the symbol “ “ denotes the grid filtering. Then, if a second and coarser 
spatial filtering, test filtering, is applied then the sub-test scale stress tensor (STS) 6
k? is approximated by,  
2 ˆ ˆˆ3 2i j i j k k s ijZ Z C S Sδ− = ∆  (2.37)  
Here, the symbol “^” denotes the test filtering and ∆ˆ  is the test filter scale. If the test 
scale filter of i jτ  is subtracted from i jZ , 
^? 1 k? . ]<>l 1 D<D>m . D<"D>"  (2.38)  
where, the elements of i jL  are called the resolved components of the stress tensor 
which represent scales of motion between the test and the grid scale. These scales are 
called the “test window” . If equation (2.39) is subtracted from equation (2.40),   
3 2i j i j k k s i jL L C Mδ− =  (2.39)  
where,  
n? 1 #oW pQqop Qqo? . #WrQqrQq<>s  (2.40)  
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The constant sC  can now be solved. Error in sC  can be reduced by using a least-
square approach. If Q  is the square of the error of equation (2.41), 
( )23 2i j i j k k s i jQ L L C Mδ= − −  (2.41)  
By setting 0sQ C∂ ∂ = , sC  is determined as, 
( )21
2s i j i j i j
C L M M=  (2.42)  
Because there is a very wide range of values, in order to maintain the numerical 
stability, most codes limits sC  between zero and 0.23. As it is very accurate near the 
wall region due to its asymptotic behaviour, Dynamic Smagorinsky-Lilly model is 
mostly preferred for turbomachinery applications.  
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3.  3D FAN GEOMETRY 
3.1 CAD Geometry 
The CAD geometry is created by using both CATIA and Rhinoceros V3.0. The point 
cloud is converted to CAD data using CATIA and Rhinoceros V3.0 softwares.  
 
Figure 3.1: Point Cloud data for blade geometry 
In the point cloud data, blade form is separated into front and rear faces as seen in 
Figure 3.1 which are first matched and then combined to make a single blade as in 
Figure 3.2. The way of obtaining the surfaces from point cloud data is given in 
Appendix. After that this blade is imported to Rhinoceros in order to make the rotor, 
where eleven copies of the blade are lined to construct the rotor in Figure 3.3 and 
Table . 
 
Front Face Rear Face 
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Figure 3.2: Blade CAD geometry 
Same steps are followed for the stator geometry. Firstly, the point cloud data 
imported in CATIA where curves and after that surfaces created as seen in Figure 
3.4. 
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Figure 3.3: Rotor CAD geometry 
Table 3.1 : Properties of the disk of the rotor 
Height 1 mm 
Diameter 162 mm 
 
Figure 3.4: Point Cloud data and CAD geometry of Stator 
Disk of the 
Rotor 
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In order to model the rotation of the rotor, an extra geometry, reference plane seen in 
Figure 3.5 is used. This a plane having the diameters given in Table 2.  
 
Figure 3.5: Reference Plane CAD geometry 
Table 2.2 : Properties of the reference plane 
Clearance between the 
rotor base and volute 
1 mm 
Diameter 162 mm 
Height 63 mm 
3.2 Grid Generation 
In every CFD problem, a cluster of points has to be produced within the volume of 
the fluid. This can be considered as the discretization of the space in which the flow 
process takes place. In this study, ANSYS ICEM CFD v10 software is used for 
meshing. After creating the CAD model of the rotor and stator, they were separately 
meshed. The CAD object is imported to ANSYS ICEM CFD v10 as ‘’.iges’’ format. 
After importing the ‘’.iges’’ file, the geometry is saved in ICEM CFD as a “.tin” 
files. This format concerns both the CAD file and the modelled file for meshing. 
Then, the mesh were generated from the “.tin”file. In order to mesh rotor, all the 
blades are grouped as “”rotor”, and a reference plane between the rotor and stator is 
called “”ref_rot”. For stator meshing, the casing is grouped as “stator” and the 
entrance to the flow domain is named “inlet” and the exit as “outlet”. Also, stator has 
a reference plane called “ref_sta” for meshing.  
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Unstructured tetrahedral cells are used to define the volume of the fan. The mesh is 
refined near the volute tongue and in the impeller domain. The computational 
domains meshed separately were merged before onset of simulations by a FLUENT 
utility called TMERGE v2.1.  
 
 
a)                                               b)  
Figure 3.6: Curves of the rotor, a) Perspective view of the rotor, b) View from the 
front 
After the curves, surfaces and points are grouped, (see Figure 3.6 and Figure 3.7) 
under the Mesh Parameters panel in the Geometry option, mesh parameters are 
selected according to the families. Under the Meshing option, Tetra is selected for 
tetra meshing. After that step, mesh Tetra Parameters are given to the ICEM in order 
to complete the meshing.  
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a) 
 
 
 
b) 
Figure 3.7: Curves of the stator, a) View of the stator curves from the front, b) 
View of the stator curves from the perspective option 
Same meshing steps are done for stator geometry. Table 2 gives the mesh properties 
of the computational domain. 
Table 3.1 : Mesh Properties of the rotor mesh 
Total Elements 1978498 
Total Nodes 4148472 
3.3 Turbulent Parameters 
When the geometry is created, the next step is the modeling of the flow in the 
turbomachine. Once Reynolds number is known calculation of spatial and temporal 
scales can be made. The mean flow Reynolds number Re, is defined as, 
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Re mean meanmean
U L
υ
=  (3.1)  
where, 
;teuv is the maximum velocity on the blade tip and it is given as, 
2mean
D
U w= ×  (3.2)  
where the rotational speed w, is set 1200 rpm that is equal to 125.66 rad/s. D is the 
diameter of the impeller and 0.162 m, so,  ;teuv is 10.17 m/s. 
^teuv is the radius of the impeller and can be taken as the radius of the impeller, 
which is 0.081 m. w is the kinematic viscosity of the air and it is equal to 1.5x10-5 
m2/s resulting in Reynolds number for the radial fan 54900. This shows that the flow 
is fully turbulent.  
Using the fact that shear for mean flow and large scale motion are equal, 
0
0
mean
mean
U u
L l
≈  (3.3)  
where  Dy6and zy are scales associated with large scale motion and assuming {Nteuv 
is as one order of magnitude greater than the Reynolds number of large eddies, so, 
the equation for the flow scales of the large eddies is becomes, 
0
0
10mean
mean
U l
u L
≈  (3.4)  
which leads, 
30
0
0
7.9 10
l
s
u
τ −= = ×  (3.5)  
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Then using Kolmogorov hypothesis one can relate dissipative (Kolmogorov) scales 
to large scales as, 
3/4
0
ReL
l
l
η −≈  (3.6)  
1/2
0
ReL
ητ
τ
−≈  (3.7)  
]| is 3x10-5 s. 
Time step size is then set as one order of magnitude greater than the  Kolmogorov 
time scale, which is 2x10-4 s. 
3.4 Boundary Conditions 
Firstly standard k-ε model after that LES is used in the thesis. Large Eddy Simulation 
based on Smagorinsky model were carried out to compute the flow field. The 
simulations are made by using the numerical code FLUENT.  
Many boundaries in a fluid flow domain is solid walls, and these can be either 
stationary or moving walls. The rotor is modeled as a moving wall with the given 
rpm value, 1200. The stator is modeled as a stationary wall with no slip condition. 
The inlet on the stator is modeled as a pressure-inlet with a zero Pascal pressure. The 
outlet of the casing where the fluid leaves the domain is modeled as outlet of the 
flow. A pressure difference of 5, 10, 15, 20, 25 Pascal are given in the outlet in order 
to calculate the flow rate. A complete revolution is performed each in 250 steps. The 
number of iterations has been adjusted to reduce the residuals below ~10-6 in each 
time step. A three-dimensional numerical simulation of the complete unsteady flow 
on the whole impeller-volute configuration carried out using the computational fluid 
dynamics code FLUENT. 
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4.  RESULTS AND DISCUSSIONS 
4.1 Flow Field Results 
The code was run in a local 32-bit computer. The time step used in the unsteady 
calculation has been set to 20x10-5 s seconds in order to get enough time resolution 
for the analysis.  
The cutplanes used for presentation of results are given in Figure 4.1. 
 
Figure 4.1: Cutplanes taken for post-processing 
The plane 1 in Figure 4.1 denotes the xy-cutplane cut at z=0.0267697 m. Plane 2 is 
the xy-plane cut at z=0.040859 m. Plane 3 is the yz-cutplane cut at x=0 and plane 4 is 
in xz-cutplane cut at y=0. Two xy planes at different elevations are used, because 
flow close tot the rotor base and away will be investigated.  
An important aspect of a fan performance curve is the best efficiency point (BEP), 
where a fan operates most cost-effectively in terms of both energy efficiency and 
maintenance considerations. Also, operating a fan near its BEP improves its 
performance. Thus, in order to obtain fan performance curve and determine optimum 
and stall points, k-ε turbulence model has been used. The outlet gauge pressure 
1 
2 
3 
4 
32 
 
values used were 5 Pa, 10 Pa, 15 Pa, 20 Pa and 25 Pa. Results are presented in Figure 
4.2. 
 
Figure 4.2: Fan Performance Curve 
It is clear that the optimum point of the radial fan studied in the thesis occurs at 20 Pa 
outlet pressure. The corresponding mass flow rate is about 70 lt/s. 
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The minimum pressure difference used in the thesis is 5 Pa. The mass corresponding 
flow rate is calculated as  88 lt/s. It appears that 10 Pa is the stall point for this 
impeller configuration. Pressure distribution at z=0.0267697 is presented in Figure 
4.3. 
 
Figure 4.3: Pressure distribution on the z=0.0267697 for 5 Pa 
It is clear that except for some local peaks, pressure distribution is uniform over most 
of the plane and in particular at the outlet region. The corresponding velocity field is 
presented in Figure 4.4. 
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The velocity vectors are well streamlined at the outlet ducting except for a very small 
flow separation immediately downstream of the tongue. However, there is no clear 
evidence that a vortex shedding occurs from the separation buble. It is obvious that 
vortices formed inside the impeller passage just downstream of the contact 
disappears with rotation and finally a vortex-free flow is delivered to the exhaust 
piping.   
 
 
 
 
Figure 4.4: Velocity profile for xy-cutplane z=0.0267697 and   
instantaneous  velocity profile in the tongue for 5 Pa 
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The velocities are of the order of 8 m/s between the impeller and increases in the 
exhaust pipe reaching about 10 m/s. Figure 4.5 shows the close up to the streamlines 
at the inlet. It is obvious that flow smoothing enters into impeller passages without 
any seperation or vortex formulation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xz-cutplane 
Figure 4.5: Velocity streamlines of 5 Pa on the z=0.040859 
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The second pressure difference used in the thesis is 10 Pa. The mass corresponding 
flow rate is calculated as  56 lt/s. Pressure distribution at z=0.0267697 is presented in 
Figure 4.6. 
 
Figure 4.6: Pressure distribution on the z=0.0267697 for 10 Pa 
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Figure 4.7: Velocity profile for xy-cutplane z=0.0267697 and instantaneous velocity 
profile in the tongue for 10 Pa 
 
Figure 4.8: Velocity streamlines of 10 Pa on the z=0.040859  
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The second pressure difference used in the thesis is 15 Pa. The mass corresponding 
flow rate is calculated as  66 lt/s. 
 
Figure 4.9: Pressure distribution on the z=0.0267697 for 15 Pa 
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Figure 4.10: Velocity profile for xy-cutplane z=0.0267697 and instantaneous 
velocity profile in the tongue for 15 Pa 
The point must be highlighted here is, velocity streamlines around eleven blades are 
not the same. This phenomenon can be better solved by an ideal pressure drop at the 
outlet. 
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Figure 4.11: Velocity streamlines of 15 Pa on xz-cutplane 
As a small velocity deviation occurs in the exit domain, velocity magnitudes are 
higher from the other parts in the fan.  
The flow is uniform in the inlet and seperates to rotor in a straight way. As seen in 
Figure 4.9, the pressure distribution in the trailing edges and the leading edges of the 
blades are different. The trailing edges of the blades have higher pressure values than 
the leading edges for the blades near the rotor-stator interaction.  
 
 
 
 
xz-cutplane 
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According to Figure 4.2, design point pressure value is 20 Pa. As seen in Figure 4.2, 
mass flow rates differ after that pressure value and the flow become to include more 
vortices after that pressure. For the pressure values higher than 20 Pa the flow field 
include severe reverse flow regions which may lead to increase noise characteristics. 
As mentioned before the simulations are firstly done for k-ε turbulence model and 
then the LES model is used. 
 
Figure 4.12: Pressure distribution on the z=0.0267697 for 20 Pa 
The pressure distribution inside the fan is the most uniform for 20 Pa. The pressure 
remains nearly at 10 Pa and no high pressure zones occur. The flow is well 
streamlined all around the rotor and the outlet domain with no vertical formations.  
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Figure 4.13: Velocity profile for xy-cutplane z=0.0267697 and instantaneous 
velocity profile in the tongue for 20 Pa 
As mentioned before the flow having a outlet pressure drop higher than 20 Pa is 
expected to be nonuniform. As seen in Figure 4.13, the flow between the blades are 
not similar and includes vortices. The most reverse flows take place near the tonque. 
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Figure 4.14: Velocity streamlines of 20 Pa on xz-cutplane 
The last pressure difference used in the thesis is 25 Pa. The mass corresponding flow 
rate is calculated as  50 lt/s. 
 
 
Figure 4.15: Pressure distribution on the z=0.0267697 for 25 Pa 
 
xz-cutplane 
44 
 
For 25 Pa, on the rotor, the geometry has the maximum velocity values but because 
of the vortices between each blades the velocity magnitudes are higher in these 
regions. For the upper parts of the xy-cutplane as z=0.040859, flow is becoming 
worse between blades. At a value as z=0.040859, the flow in the blades meet the 
flow coming from the upstream region, as a result, the flow becomes nonuniform and 
the high pressures occur in the exit part of the rotor. 
 
 
Figure 4.16: Velocity profile for xy-cutplane z=0.0267697 and instantaneous 
velocity profile in the tongue for 25 Pa 
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Figure 4.17: Velocity streamlines of 25 Pa on xz-cutplane 
Since 20 Pa pressure difference appears to be the best point, LES calculation is also 
performed for this point. Results are presented in Figure 4.18-Figure 4.20. It is clear 
that pressure distribution is uniform over most of the plane and in particular at the 
outlet region. 
 
Figure 4.18: Pressure distribution for the LES results on the z=0.0267697 for 20 Pa 
 
xz-cutplane 
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Figure 4.19: Velocity profile for xy-cutplane z=0.0267697 and instantaneous 
velocity profile in the tongue for 20 Pa LES results 
 
 
 
 
 
 
 
 
 
Figure 4.20: Velocity streamlines of 20 Pa LES results on xz-cutplane 
xz-cutplane 
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Outlet pressure 20 Pa is the critical point in fan performance curve as seen in Figure 
4.2. The flow pattern is very uniform in those simulations, so, in order to investigate 
the  pressure drop, simulations are done for different rpm values. The values are: 
1800 rpm and 2400 rpm.  Mass flow rates calculated for those simulations are as 
seen in Figure 4.21. 
 
Figure 4.21: Effect of rpm in fan performance at 20 Pa 
 
 
Figure 4.22: Pressure distribution on the z=0.0267697 for 20Pa at 1800 rpm 
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Figure 4.23: Velocity profile for xy-cutplane z=0.0267697 and instantaneous 
velocity profile in the tongue for 20 Pa at 1800 rpm 
 
 
xz-cutplane 
Figure 4.24: Velocity streamlines of the LES   results 20 Pa at 1800 rpm on 
xz-cutplane  
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Fan rotational speed has a significant impact on fan performance. Reducing fan 
speed can significantly reduce energy consumption and make the flow pattern more 
uniform. As seen in Figure 4.25, because of the high rotation speed on blades there 
are high pressure zones on the blades.  
 
 
 
Figure 4.25: Pressure distribution on the z=0.0267697 for 20 Pa at 2400 rpm 
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Figure 4.26: Velocity profile for xy-cutplane z=0.0267697 and instantaneous 
velocity profile in the tongue for 20 Pa at 2400 rpm 
The flow pattern in both tongue and exhaust is similar but the interaction part 
between rotor and stator make a vortex for the xy-cutplane.  
 
 
 
 
 
 
 
 
 
Figure 4.27: Velocity streamlines on the z=0.0267697 for 20 Pa at 2400 rpm in 
the right and 1800 rpm in the left side 
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Figure 4.28: Velocity streamlines of the LES results of 20 Pa at 2400 rpm on 
xz-cutplane  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xz-cutplane 
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4.2 Aeroacoustic Results 
The sound pressure generated from the impeller blades and the volute tongue is 
predicted by the Ffowcs Williams-Hawkings equation. The integration surfaces of 
the Ffowcs Williams-Hawkings calculations are eleven blades and the volute tongue. 
 
Figure 4.29: Receiver Locations 
One receiver is chosen for the aeroacoustic calculations. Receiver is located one the 
outlet surface of the fan. The corresponding spectrum of sound pressure level (SPL) 
were presented in Figure 4.30. 
Receiver-1 
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Figure 4.30: SPL values calculated by FW-H model of FLUENT 
A distinct peak occurs at the Blade Passing Frequency (BPF), 225 Hz. The 
corresponding SPL at the existing BPF is 61 dB.  
 
Figure 4.31: Sound Amplitude values calculated by FW-H model of FLUENT 
The noise generated from the radial fan have distinct discrete characteristics. The 
pressure fluctuations at the volute tongue, because of the periodical interaction 
between the non-uniform impeller flow and the fixed volute, are the dominant source 
of aerodynamic total noise generation in the radial fan, so, second receiver is located 
on the tongue. 
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APPENDIX A.1 : Creating surfaces from point cloud data 
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APPENDIX A.1  
 
 
Figure A.1.1: Point cloud import option in CATIA 
The point cloud data is in the .asc file format. This format can be imported to CATIA 
by the Digitized Shape Editor. In order to scan the point cloud data and perform a 
CAD model, the Digitized Shape Editor under the Shape panel is used in CATIA as 
in Figure A.1.1.  
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Figure A.1.2: Importing point cloud to CATIA 
Under the Cloud Import panel the file format must be selected as .cgo as seen in 
Figure A.1.2. 
 
Figure A.1.3: Scanning the points and creation of curves in CATIA 
Import Option 
File Format 
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After importing the cloud data, the points are scanned under Planar Sections option. 
Firstly, Curve from Scans (see Figure A.1.3) will be used for the interpolation of the 
points in order to create curves. Then, by the help of those curves, surfaces are 
formed as seen in Figure A.1.4.  
 
Figure A.1.4: Scan Curves panel in CATIA 
 
Figure A.1.5: Scan Curves panel in CATIA-2 
When the point cloud data is imported as seen in Figure A.1.5, the cloud data is 
scanned by CATIA in order to create the surfaces. The scanning can be made both 
longitudinally or horizontally.  
The final form of the blade is shown in Figure A.1.6. 
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Figure A.1.6: Created surfaces by CATIA 
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